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Abstract

NADPH-cytochrome P450 oxidoreductase (CYPOR) was shown to undergo
large conformational rearrangements in its functional cycle. Using a new
Förster resonance energy transfer (FRET) approach based on femtosecond
transient absorption spectroscopy (TA), we determined the donor–acceptor
distance distribution in the reduced and oxidized states of CYPOR. The
unmatched time resolution of TA allowed the quantitative assessment of the
donor–acceptor FRET, indicating that CYPOR assumes a closed conformation
in both reduced and oxidized states in the absence of the redox partner. The
described ultrafast TA measurements of FRET with readily available red–
infrared fluorescent labels open new opportunities for structural studies in
chromophore-rich proteins and their complexes.

NADPH-cytochrome P450 oxidoreductase (CYPOR) functions to
transfer electrons from NADPH to various monooxygenases that are
responsible for a wide range of cellular functions. X-ray diffraction
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studies of the cytosolic domain of CYPOR identified two conformations
that are required for electron transfer (ET) from NADPH to electron
acceptors such as cytochromes P450.1 One is the “closed”
conformation allowing ET from NADPH to the enzyme-bound flavin
cofactors; another is the “open” state interacting with its ET partner
proteins, e.g., cytochromes P450 and heme oxygenase.2,3 The two
functions are mutually exclusive; CYPOR must cycle through the open–
closed transitions to allow a continuous flow of electrons from NADPH
to cytochrome P450 and other electron acceptors. This reaction cycle
has been qualitatively monitored using Förster resonance energy
transfer (FRET) between donors and acceptors nonspecifically attached
to the endogenous surface cysteines in CYPOR,4,5 yet quantitative
analysis has been lacking.
FRET measurement is a well-established approach for
determining approximate distances between donor and acceptor sites
in biomacromolecules and supramolecular assemblies.6-10 The most
crucial requirement for quantitative FRET analysis is that the excitation
and emission bands of the donor–acceptor pair occur in the isolated
spectral region from the protein absorption bands. Otherwise, the
unwanted resonance energy transfer to and from the intrinsic protein
chromophores and fluorophores destroys the information content of
the FRET experiment. This is particularly important in proteins
involving ET reactions, such as cytochromes P450, CYPOR, and nitric
oxide synthase isozymes, because they harbor heme and/or flavin
cofactors.1,11
Supporting Figure 1A demonstrates a spectrum of CYPOR with
prominent absorption bands of the aromatic amino acids as well as the
flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN). A
choice of the donor–acceptor pair in a relatively absorption-free red–
infrared range (Supporting Figure 1B) would effectively isolate FRET
between the donor and acceptor from interference by intrinsic
fluorophores.5 However, the major obstacle impeding fluorescencebased distance analysis in proteins is the difficulty of making pure
donor–acceptor (DA) samples (not contaminated with a variable
fraction of donor-only, DD, and acceptor-only, AA, species), which
renders conventional FRET measurements based on fluorescence
intensities largely qualitative. The time-domain experiments were
shown to be capable of separating the DA signal from DD and AA
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contributions, thus allowing the donor–acceptor distance estimates in
the mixtures.12 However, very short life times of the far-red
fluorophores available for protein labeling (∼1 ns) made time-resolved
fluorescence measurements difficult. To circumvent this problem, we
utilized ultrafast transient absorption pump–probe spectroscopy
featuring a time resolution of 100 fs to accurately quantify FRET
between the short-lived red fluorophores and to extract donor–
acceptor distance distributions. Ultrafast transient absorption pump–
probe spectroscopy has been widely used for studies of excitation and
ET events in photosynthetic and other redox systems13 but has not
been previously employed for quantitative distance analysis in protein
structures.
The conformational states of the cytosolic domain of CYPOR are
intensely debated with the closed state or a mixture of closed and
open states detected for the oxidized CYPOR in solution,14-16 while
Hedison et al.5 reported both fully oxidized and fully reduced CYPOR
forms populating the open state. To quantitatively evaluate CYPOR
conformational states through FRET detected via transient absorption,
we utilized Alexa 647 and Alexa 750, the red donor and infrared
acceptor, respectively. To maximize the sensitivity of FRET for the
conformational state of the protein, we engineered the cysteine-less
version of rat CYPOR with newly introduced cysteine residues in place
of Q157 (FMN domain) and N271 (FAD domain), two surface residues
separated by 43 and 63 Å (the Cβ–Cβ distance) in the closed and open
conformations, respectively. The long wavelength range of the donor–
acceptor pair, the high quantum yield of the donor, and the high
extinction coefficient of the acceptor resulted in a large Förster radius
of 68.5 Å (for details and references, see the Supporting Information,
Calculation of Förster Radius). Therefore, we expected significant FRET
in the CYPOR molecule in both conformations. Panels A and C of
Supporting Figure 3 depict FRET in the oxidized cytosolic domain of
CYPOR labeled with a donor–acceptor mix (DA sample) as an emission
peak of the acceptor excited at the donor wavelength. To verify that
the energy transfer between the donor and acceptor occurs only when
they are present in the same CYPOR molecule, we created the “noFRET” mixture of the DD and AA (donor-only and acceptor-only)
samples, which demonstrated no intermolecular FRET (panels B and C
of Supporting Figure 3).
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To quantify FRET between the donor and acceptor in the CYPOR
molecule, we utilized femtosecond transient absorption spectroscopy
(TA). The TA spectra (Figure 1) report the difference between the
sample absorbance with and without excitation. The femtosecond laser
excitation pulse (pump) at 600 nm promotes the donor molecules from
their ground state to the excited state, thus depleting the population of
the ground state, which is observed as increased transmission at 655
nm [ground state bleach (GSB)]. The donor molecules promoted to the
excited state give rise to new positive absorption bands between 400
and 550 nm. The isosbestic point at 570 nm indicates that the
excitation and relaxation processes of the donor occur very close to
the two-state transition (D + hν ↔ D*). Both the GSB and the excited
state absorption bands decay with similar kinetics (Figure 2).

Figure 1. Representative femtosecond transient absorption spectra of the donor–
acceptor-labeled oxidized CYPOR at different time delays after 600 nm excitation. The
gray bar indicates the spectral area distorted by the excitation pulse.
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Figure 2. Kinetic traces of the ground state bleach recovery and excited state decay
in the donor-only (DD) and donor–acceptor (DA)-labeled samples of oxidized CYPOR.
The traces were obtained by averaging the range of wavelengths (indicated in the
figure), calculating the running mean curve, and normalizing to unity at the maximal
amplitude. The kinetic traces of the excited state were inverted to allow for direct
comparison with the negative GSB decays.

In the presence of the acceptor fluorophore, the TA spectra
demonstrate a faster decay of the GSB and the excited state features.
Figure 2 shows the time course of the GSB recovery and the excited
state decay (inverted for better comparison) of the DD and DA
samples. The accelerated kinetics of the GSB recovery/excited state
decay in the DA sample reflect the resonance energy transfer taking
place between the donor and acceptor fluorophores when both are
present in the oxidized CYPOR molecule. A similar pattern was also
observed in the reduced CYPOR samples.
Because the 600 nm pump pulse may also weakly excite the
acceptor, the possibility of the contribution of the acceptor spectral
features, resulting from direct excitation, to the donor peak exists.
Supporting Figure 4 shows that kinetics in the “no-FRET” sample
(where donors and acceptors are attached to different CYPOR
molecules) are nearly identical to those of the DD sample, implying
that the acceptor makes a negligible contribution to the TA spectra at
the donor wavelength.
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The major contributors to the GSB of the DA sample in Figure 2
are the (desired) donor–acceptor and (undesired) donor-only species.
The kinetics of the DA and DD decays are expected to be very distinct
because the Förster radius is comparable to or greater than the donor–
acceptor separation in both conformational states of the protein,
resulting in a large FRET contribution to the DA decay. The flexible
nature of the donor and acceptor fluorophores and possible dynamics
of the protein structure require analysis of the FRET enhancement
observed in our samples in terms of not just a fixed donor–acceptor
distance but the distribution of possible distances. Analysis of timeresolved fluorescence in terms of Gaussian distributions of the donor–
acceptor separations in the sample was originally developed by
Lakowicz12,17 and Albaugh and Steiner.18 We adapted their formalism
for analysis of FRET detected via the TA measurements. Linearity of
the absorption signal with concentration of the donor-labeled species
allowed for straightforward separation of the DA from DD contributions
to the data. Figure 2 demonstrates that the GSB (red and blue traces)
had a signal-to-noise ratio much greater than that of the excited state
decays (black and green); therefore, we utilized GSB traces for fitting
with theoretical equations. The best-fit parameters are summarized in
Supporting Table 1. For a detailed description of the method, see
Materials and Methods in the Supporting Information and Supporting
Figures 5–8.
Figure 3 displays molecular models of the crystallographically
observed structural states of the cytosolic portion of CYPOR (panel A)
and the averaged distance distributions resulting from fitting of
duplicate DD and DA data sets for the oxidized and reduced CYPOR
samples (panel B). The distance distributions describe the spatial
separation between transition moments of the donor and acceptor,
which are localized at fluorescent moieties of the Alexa 647 and 750
dyes. Considering the long, almost 10 Å linkers connecting the
fluorescent groups of the Alexa labels to the protein backbone, we
expected distances relatively longer than the calculated separation of
the cysteine side chains19 as well as significant widths of the distance
distributions due to the flexible nature of the linkers.20
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Figure 3. Structural states of the cytosolic domain of CYPOR. (A) Molecular models of
the closed form [left, Protein Data Bank (PDB) entry 1AMO] and the open form of
CYPOR (right, PDB entry 3ES9, molecule A). The FAD-binding domain is colored gray
and the FMN-binding domain blue. Pink triangles represent fluorescent labels
(approximately to scale) at positions 157 and 271 (green surface). Distances between
Cβ atoms of Q157 and N271 in two conformations are indicated. (B) Averaged
distributions of distances between transition moments of the donor and acceptor
fluorophores obtained from fitting the transient absorption data for oxidized (black)
and reduced (red) states of CYPOR. For comparison, distances between Cβ atoms of
Q157 and N271 in the open and closed CYPOR models are indicated by vertical dashed
lines.

The distribution mean of 48.4 Å (distribution half-width of 16 Å)
in oxidized CYPOR in Figure 3B is consistent with the closed state of
CYPOR, which is in full agreement with the literature reports.15,16 The
distance distribution of reduced CYPOR in Figure 3B is slightly shifted
toward the open form at 49.8 Å (distribution half-width of 12 Å), yet
the difference is small, implying that the reduced and oxidized CYPOR
samples had statistically similar donor–acceptor separation in the
absence of an electron acceptor (e.g., P450). It is also possible that
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NADP(H) binding favors the closed conformation of reduced CYPOR. In
a kinetic FRET study, Hedison et al.5 found that the fully reduced state
and the fully oxidized state have similar conformations based on FRET
efficiency estimates. However, the authors did not measure distances
and concluded that both states are fully open, contradicting other
reports.15,16 The data presented here indicate that conformational
states in both functional forms of CYPOR are similarly closed. Further
studies are required to reveal how these conformational preferences of
CYPOR are modulated by membrane binding and the presence of
physiological ET partners.
In conclusion, we used ultrafast absorption spectroscopy of red–
infrared donor–acceptor pairs to measure FRET in the flavoprotein
CYPOR and assess its conformation in oxidized and reduced states. A
simple labeling scheme with a mixture of reactive donor and acceptor
fluorescent labels and superb time resolution of TA allowed for
accurate recording of short-lived red–infrared fluorophore decays. We
believe that this approach opens a new opportunity for quantitative
distance analysis in CYPOR and other chromorphore-rich proteins in
solutions as well as those bound to the phospholipid membranes.
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Supporting Information
Conformational states of cytochrome P450 oxidoreductase evaluated by
FRET using ultrafast transient absorption spectroscopy
Elizaveta A Kovrigina, Brian Pattengale, Chuanwu Xia, Azamat R Galiakhmetov, Jier Huang,
Jung-Ja P. Kim, Evgenii L Kovrigin

1. Materials and Methods
Protein construct To prepare the CYPOR construct with two exposed cysteine residues, we introduced sitedirected mutations in the "cysteine-less" construct of the cytosolic portion of rat CYPOR lacking 56 N-terminal
residues of the transmembrane domain1. Mutation sites were chosen by criteria that the mutated residues must be
significantly solvent-exposed, distant from the flavins, polar, uncharged, and exhibit a significant difference in
inter-site distance upon CYPOR closed-open transition. The codons for Q157 and N271 were converted to cysteine codons using QuikChange II Site-Directed Mutagenesis Kit (Agilent) following the standard protocol. The
expression plasmid included a linker encoding for six histidine residues in the N-terminal linker to allow for Ni2+affinity purification. In the following text, the resulting expression construct His6 Q157C Q517C CYPOR residues 57-678 is referred to as "CYPOR".
Protein preparation Expression and isolation CYPOR was performed as described earlier1,2. In short, the plasmid containing the expression construct was transformed into BL21star E. Coli bacteria, and the protein was expressed in Luria Broth medium upon induction with IPTG at room temperature. The culture was harvested, sonicated to lyse the cells, and centrifuged to remove insoluble proteins and the cell debris. The obtained supernatant
was applied to the Ni2+-affinity resin, washed with 50 mM imidazole buffer and eluted with 300 mM imidazole
solution. The eluat was dialyzed against PBS buffer (phosphate buffered saline, pH 7.4, 5% glycerol and 0.1 mM
TCEP), loaded on the ADP-affinity column, and eluted with 2'-AMP. The final eluant was extensively dialyzed
against PBS buffer resulting in the ligand-free CYPOR. Supporting Figure 2A demonstrates the final purity of the
CYPOR preparation.
CYPOR samples for fluorescence and TA spectroscopy Alexa 647 and Alexa 750 maleimides (Life Technologies) were used to irreversibly attach Alexa fluorophores to the surface cysteines of the CYPOR construct according to the manufacturer's protocol. The total maleimide to cysteine ratio was kept at 10; ratio of Alexa 750 to
Alexa 647 was 3 mol/mol (for details on choice of the labeling ratio see Supp. Section 2). Labeling reactions contained 50 µM total protein and were allowed to proceed overnight at room temperature in dark followed by separation of the reaction mix using the gel-filtration column Superose 6 Increase 10/300 (GE Healthcare Life Sciences) with Shimadzu HPLC system equipped with diode-array optical detector. Supporting Figure 2B shows a representative elution profile of the donor-acceptor labeled CYPOR sample. All protein samples exhibited a welldefined peak with the elution time of 38.5 min corresponding to monomeric CYPOR. The three preparations were
made: donor-labeled, acceptor-labeled, and the sample labeled with the mixture of donor and acceptor (DA). The
DA sample contains the donor-acceptor as well as donor-only and acceptor-only labeled molecules due to the statistical nature of labeling. The ratio of free maleimides in the reaction of A:D=3:1 (mol/mol) was expected to produce a molar ratio of DD:DA:AA of 6:38:56 at 100% labeling yield of available cysteines corresponding to the
fraction of donor signal originating from DA species, fDA= 0.75 (see Section 2 below for calculation of fDA). Practical labeling yield of cysteines in the purified samples were 0.82 and 0.94 as determined spectrophotometrically
in two separate protein preparations, resulting in fDA of 0.59 and 0.67, respectively (also see Correction for instability of the acceptor fluorophore). Typical CYPOR concentrations in the experiments were 3-6 µM. Protein solutions were used directly from the gel-filtration tubes without additional concentrating. Solutions were spun at
15,000 g for 5 minutes prior to loading into the optical cells for measurements of the oxidized CYPOR samples.
For preparation of the reduced CYPOR samples, NADPH was added to degassed samples of CYPOR under anaerobic conditions to final concentration of 0.5 mM. The reduced state of CYPOR was confirmed by disappearance of the flavin absorption around 460 nm. The proteins were sustained in the fully reduced state during 4 hours

1

of the TA experiments. Overnight storage led to complete re-oxidation of the samples by, presumably, the residual
dissolved oxygen.
UV-visible absorption spectroscopy Protein concentrations were established using both Pierce Coomassie Protein Assay Kit (Thermo Scientific) and absorbance at 460 nm with the extinction coefficient of 21600 au M-1 cm1
. Concentrations of Alexa 647 and 750 fluorophores (Life Technologies) were determined using specific absorbance at their respective absorption maxima ε(655 nm) = 265,000 au M-1 cm-1 and ε(755 nm) = 290,000 au M-1
cm-1 respectively. For calculating the concentration of Alexa 647 in presence of Alexa 750, the absorbance of
Alexa 750 at 655 nm was subtracted utilizing the experimentally determined ratio OD(Alexa 750, 750
nm)/OD(Alexa 750, 655 nm) = 5.5. All steady-state absorbance measurements were performed in 3 and 10 mm
quartz cuvettes (Starna) using Varian Cary 50 Bio UV-Vis spectrophotometer.
Fluorescence spectroscopy Measurements of steady-state fluorescence were performed using Horiba (PTI)
QM40 Spectrofluorometer. Standard one dimensional spectra were recorded with FelixGX software. Two dimensional spectra of the donor-acceptor labeled sample and the mix of donor-only and acceptor-only samples were
recorded using custom FelixGX macro and visualized with Fluorescence2D sofware3.
Transient absorption spectroscopy (TA) The femtosecond TA measurements are based on a regeneratively
amplified Ti-Sapphire laser system (Spectra Physics Solstice, 800nm, 100 fs, 3.5mJ/pulse, and 1kHz repetition
rate) and Helios spectrometer (Ultrafast Systems LLC). The 800 nm output from the regenerative amplifier was
split to two parts with a beam splitter (75%/25%). The 75% part was used to generate tunable pump pulses (2351150nm) through a TOPAS system. The energy of the pump beam was adjusted by various neutral-density filters.
The pump light at 600 nm used in this work was set to 0.05 µJ/pulse. The other part of the beam was attenuated
and directed to Helios spectrometer and used as probe beam. The white light continuum from 430 nm to 780 nm
was generated by focusing ~ 5 uJ of the 800 nm pulse into a sapphire window. A synchronized 500 Hz chopper
was used to chop the pump beam. The difference absorbance between the pumped and unpumped sample was
recorded by the detector. The delay time between the pump and probe pulses was controlled by translational delay
stage. The prepared samples (0.5 ml) were held in a 2mm quartz cuvette under continuous stirring during TA
measurement.
Transient absorption data analysis The two-dimensional datasets of the differential absorbance as a function
of the wavelength and time delay between pump and probe laser pulses were analyzed using Surface Xplorer (Ultrafast Systems LLC) and the custom TA analysis module for the Integrative Data Analysis Platform software
(available upon request from E. L. Kovrigin). To extract the time-dependent ground state bleach (GSB) decay,
intensity values within 20 nm interval around the donor peak minimum (655 nm) were averaged for each time
point, the early portion of datasets before 1 ps was discarded, and maximum absolute intensity was normalized to
unity.
Analysis of distance distributions from FRET The following analysis of exponential decays to obtain donoracceptor distance distributions taking into account incomplete acceptor labeling closely follows Lakowicz et al
(1991) with little modifications4. The donor-only (DD) decays were fit with normalized triple-exponential functions:

I DD (t) = A ((1− a2 − a3 ) e−t t1 + a2 e−t t2 + a3e−t t3 )

Sup. Eq. 1.1

To determine the FRET contribution to the donor GSB decay in the donor-acceptor (DA) samples, one takes into account that the GSB decay is a sum of decays of the donor-only, acceptor-only, and donor-acceptor CYPOR
populations. The decays of the DD and AA species are measured directly using separate samples with only one
kind of fluorophore added to the labeling reactions. Due to the low optical density of acceptor at the excitation
pulse wavelength (600 nm; see Supporting Figure 1.B), the direct acceptor excitation was minimal, and therefore,
the acceptor contribution to the GSB at the donor wavelength region (655 nm) was considered to be negligible.
Contribution of the donor signal originating from the DD species may be separated from DA signal by considering the labeling yield of the sample:
Sup. Eq. 1.2
I = (1− fDA ) I DD + fDA I DA
where fDA is a fraction of the donor signal originating from the donor-acceptor labeled species. The fDA was calculated using estimated relative populations of the donor-acceptor species as well as the singly and doubly labeled
donor-only species:
f DA =

pDA
2 pDD + pDA + pD

Sup. Eq. 1.3

2

In contrast to fluorescence, where relative emission intensities are not proportional to concentrations of DA and
DD species because quantum yield of donor in DA species is reduced due to FRET, the absorption is linear with
the concentration of the species and their contributions to the observed signal may be estimated based on statistical reasoning (see Supp. Section 2).
Flexible attachment of the donor and acceptor fluorophores to the protein surface along with expected flexibility in the protein structure requires interpretation of FRET in terms of distance distributions5,6. In the first approximation, the donor-acceptor distance may be described by Gaussian law7:
PR =

  R − R 2 
1
exp  − 
 
σ 2π
 σ 2  

Sup. Eq. 1.4

where R is the donor-acceptor distance, R — the distribution mean, σ — the standard deviation. With the
multiexponential decay of the donor, the donor signal in presence of the acceptor is5,6
I DA (t) = ∫

∞

0

 t   Ro  6  
∑ ai exp − τ  1+  R    PR dR
i
 i


Sup. Eq. 1.5

where ai and τ i are amplitudes and life times of the donor decay in absence of the acceptor; Ro is Förster radius.
The femtosecond excitation pulse in the ultrafast transient absorption instrument resulted in the width of the Instrument Response Function (IRF) of only 0.2 ps. Since the typical life times of the DD samples were much longer (ca. 8 ps, 500 ps, and 1500 ps) and of the GSB decays were truncated before 1 ps, it was not necessary to calculate convolution of the IRF with the GSB decay allowing fitting the donor-only and donor-acceptor GSB decays directly with the Sup. Equations 1.1, 1.2, and 1.5.
Fraction of donor signal originating from DA species As we found from simulations with Sup. Equations 1.1,
1.2, and 1.5, the distance distribution parameters and fDA are strongly correlated and cannot be determined from
fitting simultaneously. Therefore, it is important to have the fDA in the Sup. Eq. 1.2 obtained independently
through measurements of the labeling yield and supplied as a constant parameter in the fitting session (see Supp.
Section 2 for details of calculations). Sensitivity of the fitted distribution mean to accuracy of the experimental
value of fDA was found to be modest: overestimation of the fDA by 10% in the fitting led to increase of the fitted
distribution mean by 3-5%.
Correction for instability of the acceptor fluorophore We observed that the Alexa 750 fluorophore gradually
degraded in protein samples, particularly, under exposure to light in the fluorescence or TA spectrometer. The acceptor degradation was further accelerated in the presence of NADPH. Therefore, the experimental fraction of
donor signal originating from DA species, fDA, supplied to the fitting routine was determined from absorption
spectra measured immediately prior to and immediately after the TA experiment. The obtained values were averaged and the resulting fDA was used in the fitting as a fixed parameter. Instability of the acceptor lead to decrease
of fDA from approx. 0.59 and 0.67 immediately after preparation to 0.34 and 0.50 at the time of acquisition, to
0.25 and 0.34 after the measurements were completed for oxidized and reduced CYPOR samples, respectively.
The values of fDA immediately prior to and after the TA experiments were averaged to result in respective fDA values of 0.30 and 0.42, which were subsequently used as constant parameters in the fitting routine.
Molecular modeling The structures of the open and closed form of CYPOR were modeled in Pymol
(https://www.pymol.org) from PDB entries 3ES9 (A molecule) and 1AMO, respectively.
2. Calculation of fraction of the donor signal originating from donor-acceptor species, fDA,
when labeling with donor-acceptor mixtures
When the protein construct with two solvent-exposed cysteine residues is labeled with a mixture of donor and
acceptor maleimides (D and A) the resulting sample contains the following species: donor-acceptor labeled protein molecules, DA; protein molecules where both sites are occupied by the same label, DD and AA; incompletely labeled protein molecules with only one cysteine modified by the maleimide label, D-empty and A-empty. To
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calculate proportions of each kind of species in the resulting reaction product, we will make three basic assumptions: (1) both exposed cysteines are equally reactive (same rate constants for maleimide coupling); (2) donor and
acceptor maleimides have equal reaction rate constants (fluorophore itself does not impact the coupling reaction
rate); (3) labeling of two cysteines in one molecule is independent (one site with donor or acceptor does not bias
probability of the other site to react with donor or acceptor) . In this work, Assumption 1 is satisfied by the choice
of similarly solvent-exposed sites on the surface of CYPOR (Q157 and N271). Assumption 2 is satisfied by the
choice of Alexa 647 and Alexa 750 maleimides that are highly derivatized cyanine analogs and have high solubility. This is to be contrasted with sulfo-Cy5 and Cy7 maleimides that, while spectroscopically equivalent to the
Alexa 647 and 750, have lower solubility resulting in significant under-labeling with the very hydrophobic Cy7.
Assumption 3 is satisfied by selecting the two-cysteine protein construct with a very significant (>20Å) distance
between the sites to prevent direct physical interaction of the labels.
The following workflow enables determination of the fraction of the donor signal originating from the DA species in a mixture of DA, DD, and AA using experimental absorption spectra of the labeled protein samples (after
purification by gel filtration to remove free labels):
1. Record the absorbance spectrum of the donor-acceptor sample and the separately prepared acceptorlabeled protein sample. Correct by subtraction of the buffer baseline.
2. Using acceptor-only labeled protein spectrum, determine the ratio of the acceptor Alexa 750 absorbance
at the donor maximum wavelength of 655 nm to the absorbance at the acceptor maximum at 753 nm:
α acceptor = AAA (655) / AAA (753).
3. Determine CYPOR concentration in the donor-acceptor sample, C protein , using specific absorption of the
fully oxidized flavins of 21,600 au M-1 cm-1 at 460 nm.
4. Determine the acceptor concentration in the donor-acceptor sample, Cacceptor , using the absorbance value at the peak maximum of Alexa 750, ADA (753) , and specific absorption 290,000 au cm-1 M-1 at 753
nm. Donor Alexa 647 contribution to this wavelength is negligible.
5. Determine the donor concentration in the donor-acceptor sample, Cdonor , using the acceptor absorbance
at its peak maximum and the experimental absorbance at the donor wavelength:
Adonor = ADA (655) − α acceptor ADA (753) . Calculate the donor concentration using the donor specific absorption of 265,000 au M-1 cm-1 at 655 nm.
6. Determine the total labeling efficiency, ylabeled , considering that each protein molecule has two exposed
cysteines (for reporting the reaction progress; not used in further calculations):
CCys = 2C protein
ylabeled =

Cdonor + Cacceptor
CCys

7. Determine fraction of cysteines occupied by donors and acceptors:
yD =

Cdonor
CCys

yA =

Cacceptor
CCys

8. Fraction of unmodified cysteines is

yempty = 1− yD − yA
9. Considering that CYPOR construct has two cysteines, calculate probability (fraction) of each kind of
labeled species using probabilities of labeling at each site.
The unreacted protein:

(

)

2

pempty−empty = yempty ;
the single-donor labeled protein (counting both D-empty and empty-D species):
pD = 2yempty yD ;
both sites occupied by the donor:
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pDD = yD yD ;
the single-acceptor labeled protein:
pA = 2yempty yA ;
both sites occupied by the acceptor:
pAA = yA yA ;
donor-acceptor species (counting both D-A and A-D configurations):
pDA = 2yA yD .
All these probabilities must sum to unity (use as a test for correct implementation of the computer
code).
10. Calculate fraction of the donor absorption signal that originates from DA and AD species considering
that DD species contribute the double amount of signal per unit of protein concentration (use Supporting Equation 1.3).
Note: if the labeling efficiency ylabeled is lower than 100% the useful donor signal fraction will proportionally
decrease.
The calculations suggest that increase of the A:D ratio in the labeling mix improves sensitivity to the DA signal
by relatively reducing unwanted DD signal fraction. However, the absorption peak of acceptor Alexa 750 is quite
broad; therefore, addition of A increases the acceptor contribution to absorbance at the donor wavelength thus
placing a limit on the A:D ratio. We found that A:D = 3:1 molar ratio is a practical choice giving rise to 38% of
DA (counting both D-A and A-D species) among all protein molecules while producing 6% of DD species. Considering double amount of absorbance originating from DD species, the labeling mix with A:D=3:1 (after removing unreacted labels) results in the sample where 75% of donor signal is contributed by DA species with the remaining 25% coming from DD.
For comparison with the literature reports, we modeled the labeling reaction as conducted by Hedison et al.8
who utilized A:D=1:1 and reported overall labeling efficiency of ylabeled =0.19. In this scenario, the authors had
65% of CYPOR remaining unlabeled, 16% of protein molecules in the form of D-empty, 16% as A-empty, 0.9%
as DD, 0.9% as AA, and 1.9% as DA. The fraction of donor signal originating from DA species in this mixture is
only 10%, with most of the donor signal coming from D-empty. Considering that FRET leads to only a fractional
change of the DA emission in the opening-closing transition, this explains why the fluorescence intensity changes
did not exceed 3% in the report by Hedison.
3. Calculation of Förster Radius
The Förster radius for the Alexa 647 - Alexa 750 donor-acceptor pair was calculated as prescribed by
Lakowicz9. Extinction coefficient of the acceptor (290,000 au cm-1 M-1 at 753 nm) and quantum yield of the donor (0.33) were reported by ThermoFisher (the Alexa dyes vendor). The emission spectrum of 1 µM Alexa 647 in
a PBS buffer was obtained with the excitation at 550 nm to record the full emission signal envelope. Calculation
of the overlap integral of the emission spectrum of the donor and absorption spectrum of the acceptor (normalized
to the value of the extinction coefficient at 753 nm) was performed using AE software package (kindly shared by
Søren Preus; available from www.fluortools.com) and resulted in the value of 2.045×1016 nm4 M-1 cm-1. Calculation of the Förster Radius, Ro, assumed the refraction index of the buffer same as that of pure water n=1.4. The
isotropic orientation factor of 2/3 was assumed as a good approximation because both labels are attached at the
surface cysteines and separated from the protein surface by relatively long and flexible linkers. The resulting Ro
for the Alexa 647-750 donor-acceptor pair was 68.5 Å.
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Supporting Figures

Supporting Figure 1. Absorption spectra of CYPOR (A) and the donor-acceptor pair used for distance measurements in this work (B). Donor, Alexa 647; Acceptor, Alexa 750. Labeling ratio (mol donor):(mol acceptor) = 1:3.

Supporting Figure 2. Panel A, SDS-PAGE of the final CYPOR sample prior to labeling. Panel B, Gel-filtration elution profile of the donor-acceptor labeled CYPOR sample using Superose 6 Increase 10/300 column in PBS, 5% glycerol, 0.5 ml/min. Void volume of the column was 10.5 ml, full volume 23.0 ml. Peak at 19.3 ml corresponds to monomeric labeled CYPOR.

Supporting Figure 3. The representative two-dimensional fluorescence excitation-emission spectra of the oxidized
CYPOR labeled with donor Alexa 647 and acceptor Alexa 750, (DA sample), A; and the mixture of donor-only and
acceptor-only samples with the optical densities of the donor and acceptor matching those in the DA sample ("noFRET" sample), B. The one-dimensional fluorescence emission spectra of the DA (red) and "no-FRET" (black) samples excited at 650 nm, C.
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Supporting Figure 4. Comparison of GSB decays in the donor-only sample of the oxidized CYPOR, (black) and the
"no-FRET" mixture made of donor-only and acceptor-only samples (red).

Supporting Figure 5. Fitting of the ground state bleach recovery of the donor-only labeled sample of oxidized
CYPOR with a triple-exponential function (Sup. Eq. 1.1). Top panels demonstrate overall view of the signal in the linear and logarithmic time with the linear GSB axis. Middle and bottom panels show the logarithmic GSB signal in different time windows. Experimental data, black circles; best-fit model function, red line. Best fit parameters (95%
confidence intervals are given in square brackets): A = 1.01 [ 1.00 1.02 ], t1 = 8.5 [ 7.5 9.6 ] ps, a2 = 0.18 [ 0.15 0.22 ], t2
= 510 [ 450 590 ] ps, a3 = 0.68 [ 0.64 0.71 ], t3 = 1550 [1520 1610 ].
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Supporting Figure 6. Fitting of the ground state bleach recovery of the donor-acceptor labeled sample of oxidized
CYPOR with the donor decay law in the presence of acceptor assuming the Gaussian distribution of distances (Sup.
Eq. 1.2-1.5). The amplitudes and life times of the donor decay in the absence of the acceptor were fixed to the best-fit
values of the donor-only sample (Supporting Figure 5). The signal fraction originating from the DA species in the
sample was estimated prior to experiment to be 0.50 while decreasing to 0.34 after acquisition. The two values were
averaged to obtain fDA =0.42 supplied to fitting routine as a fixed parameter. Experimental data, black circles; bestfit model function, red line. The distance distribution parameters shown in Figure 4.B were averaged from best-fit
results of two pairs of DD and DA datasets.

Supporting Figure 7. Fitting of the ground state bleach recovery of the donor-only labeled sample of reduced
CYPOR with a triple-exponential function (Sup. Eq. 1.1). Best fit parameters (95% confidence intervals are given in
square brackets): A = 1.01 [ 1.00 1.02 ], t1 = 9.5 [ 8.5 10.5 ] ps, a2 = 0.27 [ 0.24 0.30 ], t2 = 510 [ 450 590 ] ps, a3 = 0.56 [
0.53 0.61 ], t3 = 1340 [1300 1370 ].
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Supporting Figure 8. Fitting of the ground state bleach recovery of the donor-acceptor labeled sample of reduced
CYPOR with the donor decay law in the presence of acceptor assuming the Gaussian distribution of distances (Sup.
Eq. 1.2-1.5). The amplitudes and life times of the donor decay in the absence of the acceptor were fixed to the best-fit
values of the donor-only sample (Supporting Figure 7). The signal fraction originating from the DA species in the
sample was estimated prior to to experiment to be 0.34 while decreasing to 0.25 after acquisition. The two values were
averaged to obtain fDA =0.30 supplied to fitting routine as a fixed parameter. Experimental data, black circles; bestfit model function, red line. The distance distribution parameters shown in Figure 4.B were averaged from best-fit
results of two pairs of DD and DA datasets.

Supporting Table 1. Best fit parameters of Gaussian distributions for the oxidized and reduced CYPOR averaged from
fitting results of four pairs of donor-only and donor-acceptor TA decays.

Distribution mean, Å

standard deviation

Width at half height
of the distribution, Å

standard deviation

(N)

(N)

Oxidized CYPOR
(NADP-free)

48.4

1.3 (4)

16

9 (4)

Reduced CYPOR (in
the presence of
0.5mM NADPH )

49.8

2.2 (4)

12

3 (4)
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